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@ A turtx)Compound engine fiaving a power turbine bypass valve and a control module for controlling opening 
and closing of the bypass valve. The turtjocompound engine is capable of operating in a compression braking 
mode, and the control module opens the bypass valve in response to actuation of the compression braking, 
resulting in improved braking. 
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Technical Field 

The invention relates to turtx)compound engines, and more particularly to a power turbine bypass 
control for a turbocompound engine. 

5 

Background of the Invention 

A standard turbocompound engine includes a turbocharged diesel engine with a power turbine placed 
downstream of the turtDine of the turtK>charger. The F>ower turbine recovers exhaust energy and transmits 

10 power, to the engine output shaft, to which the turbine is coupled by a gear train. 

Due to the tremendous amount of braking power required to stop over-the^road trucks, it is constaritly a 
goal to provide improved t)raking systems. For many tnterrial comtxjstion engine applications, it is highly 
desirable to operate the engine in a braking mode. One well-known approach, as illustrated in U.S. Patent 
Mo. 3,220,932 which is incorporated. hiBreir) by reference, has been to convert the engine into a compressor 

15 by cutting off the fuel flow and opening the exhaust valve for each cylinder near the end of the compression 
stroke and to close the exhaust valve shortly thereafter; thus permitting the conversion of kinetic inertial 
energy of a vehicle to compressed gas energy which may be released to the atmosphere when the cylinder, 
exhaust valves are opened, (this form of engine txaking is hereinafter referred to as compression braking). 
When the corhpres^ion brake is actuated, ttte engine is prevented from providing positive work to the drive 

20 shaft, since gas from the cylinder is expelled through the exhaust valve as the piston completes Its 
. cornpression stroke. Thus, since the fuel flow is cut off and tfie compressed gas is expelled, no power i^ 
transmitted to return the piston oh an expan^on stroke, t>ut rather, power, from the drive shaft is absorbed: 
as the engine acts as a compridssor^ receiving air from the intake manifoM and expelling the compressed: 
gas at the end of each compression stroke. 

^ . In compression braking, the power that can be absorbed is related to the ^ir rnass fk)w through the. . 
. engine, i.e., higher air flow provides higher braking capability. However, during compressipn.braldng in a 
turt>oc9ompound engine; the power turt>ine limits alrfkm and places a backpressure, pirv the turbocharger. 
turbine. As a result, the pressure drop across the turtxx^harger turbine is reduced. Since the anK)unt of work 
produced by the turtx>charger in the form of compressed air is related, to the pressure drop, when the 

3o pressure drop is reduced, the. air mass flow provided by the turl>ocharger is inhibited: tn addition, the power, 
turbine contnbutes power to the erigine output shaft which offsets gains in braking powe^^ 

Exhaust vahnng systems which attempt to provide more favorable exhaust pressures for varkxi^ 
operating or braking conditions are known. For example. U.S. Patent No. 4,391.098 to Kosuge discbses a 
turbocompound engine in which first and second waste gates are provided to control the supercharging 

35 pressure and the pressure fed to an auxiliary (power) turbine. The waste gates include pressure sensitive 
valves which open when the pressure is sufficient to overcome the txas -of a spring plus atmospheric 
pressure. In operation, the first waste gate is opened when the supercharging pressure reaches a 
predetermined level, and bypasses a portion of the engine exhaust past the turtx>charger turbine to the 
auxiliary turbine. When the «igine operates at high speed, high toad, the second waste gate is .opened by 

40 passing at least a portion of the exhaust gases past the auxiliary turbine. However, Kosuge does not provide 
improved exhaust conditions for ir>creaslng the effectiveness of compression braking. The. Kosuge arrange- 
ment merely provides relief valves to relieve pressures above a predetenmined limit. 

Japanese Utility Model Laid Open Nd. 157.941/85 discloses a turbocompound engine in which a power 
turbine bypass is actuated in response to depression of the accelerator pedal. This arrangement aHeso does 

45 not address the problems associated with compression braking in a turbocompound engine. 

U.S. Patent Nos. 4.748.812 and 4,800,726 to Okada et al. disclose turtxx:ompound engines in which the 
exhaust leading to the auxiliary turbine is blocked during exhaust braking and the auxiliary turbine is utilized • 
as a compressor driven by the engine crankshaft In tfiis arrangement, the blockage of the exhaust results in 
high energy back pressure which acts as an engine brake force by increasing the pumping work of the 

50 engine. This arrangement is unsuitable* for compression, braking, since the actuation of the valve upstream 
of the power turbine closes *tiie exhaust flow passage which diminisfies the effectiveness of a compression 
brake as the inhibited airflow diminishes the ability of the engine to convert kinetic inertial energy of the 
vehicle to compressed gas energy. 

55 Summary of the Invention 

It is, therefore, an object of the present invention to overcome the shortcomings of the prior art by 
providing a turtxx:ompound engine haying an improved power turbine bypass valve control. 
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It is another object of the invention to provide a turbocompound engine having improved compression 
braking. In compression braking, the power that can be absorbed is related to the air mass flow through the 
engine with other conditions remaining constant. In addition, the airflow is related to the intake manifold 
pressure, or boost, since a higher intake manifold pressure corresponds to a higher density of air. providing 
higher mass flow. The boost is generated by the turbocharger which utilizes a turbine to extract energy 
from the air released from a cylinder to drive a compressor. The amount of energy extracted by the turbine 
is a function of the pressure drop across the turbine, or more particularly, the ratio of the turbocharger 
turbine inlet pressure to the turt)ocharger turbine exit pressure, 

A turbocompound engine utilizes a smaller turbocharger turbine than that of a standard turbocharged 
engine. The smaller turbocharger turbine thus has a smaller swallowing capacity, which increases the 
pressure at the inlet of the turbocharger turbine. As a resurt. a larger pressure ratio can be created across 
the smaller turbine in a turbocompound engine, as compared to a conventional turbocharger turbine in a 
standard turbocharged' engine. However, in a turbocompound engine, the power turbine increases the 
turbocharger turbine exit pressure reducing the pressure ratio and. consequently, the boost generated by 
15 the turbocharger. By opening a bypass valve around the power turbine during compression braking, ttie air 
mass flow is increased and the power contribution of the power turbine is reduced, resulting in a significant 
increase in braking power. The braking power is increased even above that achieved by a standard 
turbocharged engine operating in a compression braking mode. Thus, tfie present invention utilizes a power 
turbine bypass in conditions not previously recognized as beneficial, i.e., during compression braking. 

The above as well as other objects and advantages are achieved by the present invention in which a 
turbocompound engine is provided with a power turt)ine bypass valve and a control module which opens 
the bypass valve when the engine operates in a compression braking mode. 

Brief Description of the Drawings . 

Rgure 1 is a schematic of a turbocompound engine having a controlled power turbine bypass vahre. 
Figure 2 shows a known device for operating an engine in a compression braking mode. 
Rgure 3A-3E show various bypass valve arrangements for bypassing the power turbine in accordance 
with the present invention. 
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Descriptidn of the Preferred Embodiment 



Figure 2 shows a device as disclosed in U.S. Patent No. 4.150.640 which is incorporated herein by 
reference for hydraulically controlled compression braking of an internal combustion engine. A pair of 
35 exhaust vah^es 102. 104 are associated with a piston for simultaneous operation by an exhaust rocker lever 
106 during normal power operation of ttie engine. During normal operation, lever 106 is connected in a 
vaWe train to a rotating cam which is designed to leave the exhaust valves dosed during the ccjmpression 
and expansion strokes of ttie associated piston. However, during compression braking, a hydraunc system 
is provided to at least partially open the exhaust valves near ihe end of tfie compression stroke of the 

40 associated piston. '*^*««(^ . • ^ ^ . . ' , 

The system of Rgure 2 includes actuating means 108 in the form of a cylinder 110 and hydrauUcally 
actuated slave piston 112. which are mechanically connected to exhaust valves 102 and 104 by a bridging 
element 114. such chat the valves 102, 104 are at least partially open when the cyRnder cavity 116 above 
slave piston 112 is pressurized by fluid. At all other times, slave piston 112 is biased by spring 113 into a 

45 retracted position as shown in Rgure 2. An adjusting screw 115 may be provided to permit adjustment of 
the fully retracted position of ttie slave piston 112. o -rL 

The cavity 116 of tiie actuating means 108 is fluidly connected with a fluid pressurizing device 118. TTie 
pressurizing device 118 includes a cylinder 120 and roaster piston 122 slidingly mounted within cyfinder 
120 forming a cavity 124 above me piston 122. The cylinder 120 communicates vwth cdvity 116 through a 

50 fluidcircuit 126 which includes fluid conduit 128. 

Piston 122 may be displaced by any element within the enginb which is displaced . during penodic 
intervals and properly timed with respect to the desired opening times of exhaust, valves 102 and 104 (l e., 
at ihe end of the compression stroke). Rgure 2 shows piston 122 displaceable by a fuel injector valye 
rocker arm 130 and injector push rod 132 which are present in engines equipped vwth cam actuated hiel 

55 injection systems. The use of the fuel injector actuating mechanism to displace the master piston is 
particularly suitable in a cam actuated fuel injection system since the fuel injector valve associated with 
each engine cylinder Is timed to be displaced near the end of the compression stroke of the piston within 
the associated cyOnder. thus, fluid conduit 128 which connects the fluid pressurizing device 118 and the 
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actuating device 108 may be quite short, with a short system response. 

A valve opening delay device 174 may also be provided for preventing opening of the exhaust valves 
upon pressurizatlon of the incompressible fluid. The valve delay opening device 174 includes a fluid 
pressure control valve 176 connected with fluid conduit 128 for venting fluid from the conduit whenever the 

5 pressure within the conduit reaches a predetermined level which, if exceeded, would cause the stave piston 
to overcome the closing t)ias of the exhaust valve. In order to activate the braking system, the fluid conduit 
128 is charged with a supply of incompressible fluid, such as engine lubricating oil. by a fluid circuit 
charging device 34, encompassed within the dot-dashed line of Hgure 2. The charging device includes a 
pump or crankcase 136, a fluid pump such as a lubrication oil pump 138 and a fluid control drcuit device 

10 140 for receiving fluid from pump 138 through conduit 142 and supplying the fluid to fluid drcuit 126 
through conduit 141. 

The electrical control circuit 166 Includes a plurality of switches connected in series between a battery 
167 and a solenoid 162 such that all switches must be closed in order for the solenoid 162 to be energized 
and the compression brakirig system placed in operation. Fuel pump switch 168 Is included to insure that 

15 the braking mode, is only possible when the engine fuel pump has been tumed off. Thus, switch 168 closes 
only when the fuel pump is returned to the "off" position. A clutch switch 170 is provided so that the engine 
may only be operated when the clutch is engaged, thereby insuring that the braking effect of the engine is 
absorblrig energy from the driveshaft and vehicle wheels. In addition, a dash switch 172 is provided to 
permit the vehicle operator to determine the point at which the braking effect is desired by actuation of the 

20 switch 172. 

As shown in Figure 1, the present invention includes a turbocbmpound engine 1 which is operable in a 
compression braking mode. For clarity, elements of the compresston braking device are drnitted from 
Rgure 1. Turlx>charger 2 receives ambient air from an inlet 4, and feeds compressed air to the engine 
through intake manifold 3. Exhaust from the engine, flowing in the direction shown by arrow A» drives a 

25 supercharger turbine 6. Downstream of the turt>ocharger turbine., a power turbine 8 extracts further energy 
. from the exhaust flowing in interstage duct or passage 10. The power turi3ine Is geared to the engine 
crankshaft 30 by gear train 32 to Increase the . engine output power. The exhaust then exits to the 
. atmosphere via exhaust passage 12. 

A bypass passage 14 is also provided connecting the interstage passage 10 and exit exhaust 12. Valve 

30 16 is provided, such that when the vaWe is opened, exhaust gases proceed directly to exhaust passage 12. 
bypassing the power turbine. The valve 16 may be an on-off valve or may t>e of a variable opening type 
where it is desired to bypass only a portion of the exhaust gases. 

The turt>ocharger in a turbocompourxj engine has a turbine casing which is approximately 50-60 per 
cent of the size of the turbine casing on a conventional turbocharged engine since turbocorhpoiind engines 

3S operate at higher pressure levels and hence higher air densities. The turtx>charger turbine casing has a 
smaller swallowing capadty and thus the pressure at the turbo turbine inlet is increased. Since the power 
that can be absorbed by a compression brake Is related to the air mass flow through the engine, it is 
desirable to ma|ca the pressure ratio across the turbocharger turbine as large as possible. When the power 
turfcune is bypassed, a greater pressure differential acrdss the turiixichiarger turbine is created, causing an 

40 increase, in the Intake ma'r^old pressure. Since a turt>ocompound engine utilizes a smaller turbocharger 
turbine than a starxJard turtxx^arged engine, the pressure ratio is larger (than that of a standard 
turt>bcharged . engine) and braking power exceeding that of a standard turtx>charged engine is achieved. 
Thus, as a result of bypassing the power turbine during compression braking, braking power is increased* 
allowing the engine to operate more effectively in a compression braking mode. 

45 Control module 20 controls opening and closing of the bypass valve in response to the actuation of the 
. brake switch 172. If desired, the bypass valve may also be contolled to open during normal braking 
(thereby eliminating the power contribution of the pow6r turtxne) in addition to compresston braking. The 
control module 20 actuates the bypass as a result of ttie signal from switch 172 indicative of compression 
brake actuation. The control module may also open the bypass only if all three switches associated with 

50 compression braking (as shown at 168, 170 and 172 in Figure 2) are closed if desired. This may be 
accomplished, for example, by providing a stgnal to the controller 20 when al^ switches 168, 170, 172 are 

^f' closed as represented by the broken line 169, Rgs. 1 and 2. 

The results of a computer simulation comparing compression braking in a standard turbocharged 
engine, a turbocornpoiind engine without a bypas.s, and a turt>ocompdund engine with the power turbine 

55 bypassed are as follows: 
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Turbo-charged 


Turbo-compound 
Without Bypass 


Turbo-compound 
Wtth Bypass 


Braking Power (HP) 


259 


280 


330 


Intake Manifold Pressure (psta) 


32.2 


37,1 


46.6 


Air Mass Flow (Ib7min.) 


52.6 


50.9 


61.0 
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As demonstrated above, the tuibocompound engine with the power turbine bypassed provides a pressure 
differentia! across the engine pressure and air mass flow which is greater than both the npri-bypassed 
turbocompound engine and the standard turbocharged engine during compression braking. As a result, 
braking power is increased by almost 20% over the non-bypassed turbocompound engine and by more 
than 25% over the standard turtx)charged engine. The turbocompound engine without a bypass operates at 
a higher pressure differential than the turbocharged engine. This greater pressure differential riaduces the air 
mass flow but also increases the pumping work done by the engine. The net result is an iricre^se in braking 
power when compared to the turbocharged engine. With the ppwer turt)ine bypassed, the braMng power is 
increased beyond that of a non-bypassed turlxxxjmpound as well a§ ^ standard turtkjcharg^ engine. Thus, 
in accordance with the present inventfon the use of a power turbine bypass during cpmpresslon braking 
achieves improved braking power in a manner not heretofore realized. 

In tfie above embodiment, the bypass valve may be an bn-off. or variable type. However, a variable 
opening valve may be prefenwl to provide an adjustat>le bypass if desired for other operating conditions. Of 
course, even where a variable valve is used, the valve would generally be fuliy opened during compression, 
braking. The use of a variable valve may be advantageous vyhere it i^ desired to. pass a portion of the 
exhaust gas toward the power turbine, for example, to prevent pverheati^ 

Figures 3AtE show exarnples bypass valves that can be used to bypass the power turtiihe. It Is to be 
understood that other bypass valve arrangements may also be. utiB?ed wKhout departing from the scpp^ of 
the present invention. Figures 3A-B illustrate respectively upstr^arn and d^pwnsti^am flapper-type valves. In 
the upstream (Figure 3A) anrangement, a gate or flapper 40 is provided at the junction of the bypass 
passage 41 and the passage 42 to the power turiDine, The position illustrated represents th^ bypass closed 
position with the open posi^on iridi<^ted by broken lines 40a, In the open pbsitibn. exhaust gas from the 
turbocharger 43 are blocked from the power turbine 44 and pass to the exhaust stack as indicated at anrow 
45. in the closed position, exhaust gas flows through the power turbine prior to exiting through the exhaust 
stack, as indicated at 47. Optionally, a diffuser 46 may be provided to further reduce ttie back, pressure on 
the turbocharger turbine when the valve is in the open position. 

Figure 3B shows a downstrearn flapper arrangement in which flow through the power turbine is 
prevented by blocking the power turbine 52 outlet as shown at 50 (bypass open). In the closed position 
50a, the bypass duct is ctosed, causing the exhaust gas to flow through the power turbine. ^ 

In Rgure 3C. a butterfly valve is provided in which diverter 60 bkx:ks flow through the bypass duct 61 
in the closed position. The diverter pivots at 63 into the open position to allow ftow through th^ bypass duct 
61. In the open position, flow through the power turbine Is not blocked; however, onl^ji small amount of gas 
passed through the power turbine as the gas follows a path of least resistance and l)ackpressure on the 
turbocharger turbine is relieved. An optional diffuser is shown at 66 to further improve flow through tfie 
bypass duct! In addition, an ariti-backflow check vaWe 67 is provided at the power turbine inlet The check 
valve prevents backftow which may result if the pressure at the power turtDine inlet exceeds the pressure at 
the intersection 68, for example, just after the bypass has been opened. 

Figure 3D shows a poppet vaWe in the t»ypass closied position. For tiie bypass open position, the valve 
70 is actuated fluidically or by a spring to move downwardly and close the inlet to the power turbine while 
simultaneously opening the inlet to the bypass duct. As witti tfie valves in Rgures 3A-C. tfie vaWe may be 
operated to a partially open position, so tfiat a small portion of the exhaust gas passes ttiroggh tf^e power 
turbine. This is particularly useful where overiieating of tfie power turt>ine is a problem. . 

Rgure 3E shows an axial power turbine 80 witti a translating shroud bypass 81a, 81b. For illustrative 
purposes, tfie upper portion of the shroud is shown in tfie bypass closed position at 81b. while the lower 
portion of the shroud 81a is shown in the bypass open position. It is to be understood, however, that the 
entire . shroud moves together as a unit t>etween the open and closed positions. In the closed position 81b, 
all of the exhaust gas flows through the power turbine as indicated by arrows 82. In the open position 81a, 
most of the exhaust gas bypasses the power turbine as indicated by arrows 83. When it is desired to 
relieve backpressure on the turbocharger turt^ine 86, fluid cylinder 85, moves the shroud to tfie open 
positioii. The cylinder may be operated pneumatically (for example, by compressed air generatied from the 
turbocharger 88) or hydraulically. Bias means are provided to return the shroud to tfie closed position in 
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which all gas flows through the power turbine. It is understood that the cylinder may also be biased in the 
shroud bypass open position and fluidically actuated to move the shroud into the closed position. 

Industrial Applicability 

5 

The bypass control, as described atx>ve, thus provides for improved braking power and, more 
- particularly, for improved compression braking in a turbocompound engine. 

Claims ■ 

1. A turt)ocompound engine having a power turt^ne bypass control corinprising: 

an internal combustion engine having a crankshaft an intake manifold and an exhaust manifold; 

turt>ocharger means connected, with said intake arxj exhaust manifolds for converting exhaust gas 
energy into mechanical energy for boosting intake air pressure, said turtx>charger means trK:ludfng a 
15 first turbine connected to said exhaust manifold; 

power turbine means for producing mechanical energy firom energy remaining in the exhaust gases 
exiting said firist turbine, said power turbine means hexng coupled to the crankshaft of said engine for 
providing power to said crankshaft; 

exhaust passage rheans for allowing exhaust* gas to bypass said power turbine, said exhaust 
20 passage means including a bypass passage and a bypass yalve wherein exhaust gas from said engine 
passes through .said power turt^ne means when said bypass is in a closed position and at least some 
of the engine exhaust gas passes through said passage to bypass said power turbine means when said 
bypass valve is in an open position; 

compression braking means for operating said eingine in a compression braking mode; arKi 
25 . bypass control means for detecting actuation of said compression braking mode and for opening 

said bypass valve in response to detection' of compression braking actuation. 

2. The turbocompound engine of claim 1, wherein said bypass valve is a variable opening valve for 
varying the amount of exhaust gas passing through said passage. 

30 

3. The turtxicompound er)gine of claim 1 or 2, whereirv said bypass valve includes first and second valve 
passages, the first vaih/e passage directing eochaust gas toward said power turbine and the second valve 
passage directing gas toward said bypass passage, said bypass valve further including a diffuser 
connected to said second valve passage. 

35 ' 

4. the turbocompound engine of claim 1, -wherein said bypass valve includes a flapper valve or poppet 
valve or a butterfly valve. 

5. The turtxicompound engine of claim 1, wherein said bypass valve includes first and second valve 
40 passages, the first valve passage directing exhaust gas to said power turbine and the second valve 

passage directirvg exhaust gas to said bypass passage, said bypass valve further including diverter 
means located in said second valve passage for preventing flow of exhaust gas to said bypass passage 
when the diverter in a first position and for allowing exhaust gas to flow to said bypass passage when 
the diverter is in a second positk)n; 

45 . 

6. The turtiocomppund engine of claim 5; further inclucfing a diffuser k>cated at an outlet of said second 
valve passage, and preferably wherein the power turtxne is an axial power turt^ne. and wherein said 
bypass valve includes a translating shVoud movable l^etween a first position in which flow to the bypass 
passage is allowed and a secorKi position in which flow to the bypass passage is prevented. 

50 

7. The turtxx:ompound engine of any of claims 1 to 6. wherein said cornpression braking means includes 
f< an operator controlled switch of the engine in a compression braking mode; and said bypass corjtrol 

meanis includes means for receiving a signal indicative, of said switch operation and for opening said 
bypass vake in response to said siqnal. 

55 

8. The turbocompound engine of any of claims 1 to 7. wherein said compression braking means includes 
first operator controlled switch means for producing a signal for aetuiating operation -of compression . 
braking, or second switch means for alk>wing said signal to actuate compression braking only when a 
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fuel pump of said engine is off. and third switch means for allowing said signal to actuate compression 
braking only when a clutch of said engine is engaged; said bypass control means including means for 
determining that said first switch means has been actuated, and said second arKJ third switch means 
have allowed said signal to actuate operation of compression braking means for opening the bypass in 
5 response. 

9. A turbocompound engine having a power turbine bypass control comprising: 

an internal combustion engine having a crankshaft, an intake manifold and and exhaust manifold; 

turbocharger means connected with said intake and exhaust manifolds for converting exhaust gas 
70 energy into mechanical energy for boosting intake air pressure,, said turbocharger means including a 
first turbine connected to said exhaust manifoki; 

power turbine means for producing mechanical from eriergy remaining in the exhaust gases exiting 
said first turibine. said power turbine means coupled to the crankshaft for providing power to the 
crankshaft; 

75 compression braking means for operating the engine in a compression txaking mode; and 

exhaust pressure relief means for relieving exit pressure of exhaust gas exiting from said first 
turbine in response to operation of said eng^'ne in a compression braking mode, and, preferably, 
wherein said exhaust pressure relief means includes bypass means for allowfrtg of exhaust gas exiting 
the first turbine to bypass said power turbine. 

20 

10. A turbocompound engine having a power turbine bypass control comprising: 

an internal combustion engine having a cranksh^ an intake manifold and an exhaust manifoki; 
turtx>charger means connected with said intake manifoki ahd said exhaust manifokJ for converting 
exhaust gas energy Into mechanical energy for boosting intake air pressure, said turbocharger means 
. 25 including a first turbine having an inlet and an outlet; 

a first passage connecting said exhaust manifold to said first turbine' inlet; 

a second turtxne having an inlet and outlet and an output shaft for supplying mechanical power to 
said engirt crankshaft; 

a second passage connected to said first turbine outlet; 
30 a third passage connected to said second turbine outlet; 

compression brake means for converting said internal combustion engine into an air corhpressor in 
response to a control signal; 

braking control means for producing said braking control signal; 

a fourth passage connecting said second and said third passage; 
35 a bypass valve for moving between an open position in which exhaust gas is allowed to pass 

through said fourth passage and a cfosed position in which exhaust gas is prevented from flowing 
through said fourth passage; 

bypass control means connected with said braking control means for moving said bypass valve to 
its open position upon receipt of said braking control signal. 
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